INTRODUCTION THE BUSEMANN FLOWFIELD
The conceptual design of a hypersonic vehicle, especially the propulsion system, is the cornerstone in the building of an innovative new configuration for a viable aircraft, missile or space access vehicle. Historically, the .conceptual design of a new airplane has been in the sole province of the airframe manufacturer. As the knowledge base concerning the interdependence of the aerodynamic efficiency and the external geometry of the vehicle expanded, new designs evolved, which in turn defined the requirements for the power plant. For a gas turbine powered vehicles' part, if not all, of the design of the engine inlet and exhaust nozzle have also been considered the responsibility of the ah-framer. The conceptual design of hypersonic airbreathing vehicles requires a change in this traditional approach.
For hypersonic applications, the genus of a conceptual design is the geometry of the engine flowpath from the leading edge of the inlet compression system to the trailing edge of the nozzle expansion surfaces. The remainder of the vehicle evolves.about this flowpath. Optimal designs are the product of the intensive assessment of a wide variety of possible engine flowpaths and their respective operating characteristics and performance. The advent of the desktop computer with interactive capability has provided the expeditious and affordable capability of generating families of conceptual designs. This paper embellishes the method of streamline tracing of Busemannls flowfields suitable for the designs of inlets for hypersonic airbreathing vehicles.
The Busemann design is an inviscid inward turning axisymmetric flowfield that terminates in a conical shockwave. At the design Mach number, the compression upstream of the conical shock is isentropic and the flow downstream is uniform and coaxial. The resulting inviscid compression efficiency is markedly higher than other classes of practical inlets. The fundamental problem of the basic Busemann design is the excessive internal contraction, which prevents self-starting in steady flow. Variable geometry concepts could be used to permit starting but these systems would be complex and heavy. The alternative approach, which is used herein, is to carve an inlet geometry by following streamlines in the Busemann flowfield to yield a design with lower internal contraction and having a swept cowl which permits flow spillage at Mach numbers below the design condition. The initial step in this design procedure is to generate a family of Busemamr flowfields. Figure 1 graphically illustrates the Busemann flowfield. The isentropic compression is initiated at the freestream Mach angle u,, and terminates in a conical shock having a % cone angle 8,. The isentropic compression waves are conically symmetric (i.e., all properties are constant along a given conical surface) and coalesce at the apex of the terminating conical shock. The Busemann flowfield is governed by the oblique shock relations: 
In the numerical solution, the aft shock Mach number, I$ and the shock angle, ,0, are specified. A NewtonRaphson technique (withnumerical Jacobians) is then employed to determine the pre-shock Mach number, M2 and flow inclination angle, 8 from Eqs. 1 and 2. The Taylor-Maccoll equation (EXqs. 3 and 4) and the equation for r (Eq.5) are then integrated numerically with. 0 increasing from 9, to the value that corresponds to a surface deflection angle of zero. At this point, the ray angle, 8, is equal to rc minus the freestream Mach angle. The integmtion is performed using the 5* order embedded Cash-Karp adaptive step Runge-Kutta scheme.5 The conditions at the freestream Mach angle exhibit a zero* order ~ingularity,~ which requires that the numerical solution be initiated based on downstream conditions. Unfortunately, the specification of M3 and 8, are of little use in practice when developing inlet designs. In an effort to allow more fundamental inlet design variables to be employed, a Newton-Raphson front-end w'as added to the numerical solution procedure. This module uses the input M3 and 0, to determine au initial guess for the desired inlet. Iterations are performed on this, initial inlet (i.e., M3 and 8, are varied) until the desired design criteria has been met. Table 1 lists the design variable options that currently exist in the code that has been developed. It should 'be noted that additional design variable combinations can be added with a minimal amount of effort.
spective 'flight Mach number, M,. Each CR curve terminates on the left at M,=l.2,which is the lower bound for practical inlets. The corresponding values of the length of the compression surface normalized to the radius of the captured flow (xl + x.J/rl are shown in Figure 3 . The normalized inlet lengths vary from 3.4176 at M,=2.998, CR=4 to 11.022 at M,-9, CR=lO. The extremely high inviscid pressure recoveries, relative to those for other 'classes of inlet designs, have led to the interest for application to high speed ,engine designs. The relatively large length of the inlets, however, suggests that some compromise in design would be in a order to minimize viscous losses and weight. Before addressing these issues, it is of interest to gain some insight into the operation of the Busemann inlet at off-design Mach number operation.
Both inviscid and viscous analysis were performed at both on-and off-design conditions. All simulations were performed with the VULCAN (Viscous Upwind aLgorithm for Complex flow ANalysis) -Navier-Stokes code. .The code solves the conservation equations for c~orically perfect or mixtures of thermally perfect gases with a cell-centered finite volume scheme. The equation set can be integrated in a fully elliptic fashion, or when applicable, a parabolic (space-marching) option is available. The inviscid fluxes are evaluated with either central differences, Roe's flux difference method,'j or a low diffusion fhtx vector split scheme.7 Viscous fluxes are evaluated with standard second order accurate central differences. A variety of implicit and explicit time integration strategies are available for advancing the solution in time. A detailed description of the code can be found elsewhere.8
Total pressure recovery, Pt3/ptl for the inviscid Busemann flowfields having internal contraction ratios, CR= Al/A3 = 4,6,8,and 10 are shown in Figure 2 . Each point on a CR curve is a design point solution for the reAll calculations were performed using the low diffusion flux vector split scheme of Edwards? The solutions were integrated in a parabolic fashion with the MUSCL parameter, K , set to l/3 in the cross flow plane, and the van 'Leer limiter ' was used to ensure Total Variation Diminishing (TVD). A fully second order i ", (c)l999 American Institute of Aeronautics & Astronautics or published with permission of author(s) and/or author(s)' sponsoring organization.
. accurate treatment (K = -1) was invoked in the streamwise direction. Each solution was advanced in time with a diagonalized approximate factorization scheme using a CFL number from l-4.5. All viscous simulations discussed in the results that follow were assumed fully turbulent. The turbulence model used in these simulations was the Wilcox K-O model." 8urface conditions were defined using the wall matching procedure developed by Wilcox I1 to relax the grid requirements for resolving boundary layer flows. The geometry for the example case is the compression surface of a MI= 7 Busemann inlet having a contraction ratio, CR= 6. Figure 4 shows Mach number contours in the computed inviscid flowfields for inlet operation from Mach 4 to 8. Because the flow is symmetric about the axis only the "upper half" of the flowfield is depicted. The results at the design point show a trivial amount of wave structure downstream of the wave cancellation corner at Mach 7. A perfect cancellation of waves is difficult to achieve in the simulations due to numerical diffusion. For all of the off-design cases there is residual wave structure downstream of the contoured surface. The calculation domain was extended by 20 duct radii to examine the damping of the residual wave structure. The axial decay of the mass averaged total pressure was used as the metric for assessing the damping. Mass averages are computed across the flowfield at a given x, thus in regions of relatively strong compression waves there is a longitudinal decay in pressure recovery. Figure 5 shows this decay for the Mach 7 design inlet. For-off design operation, the effect of the non-canceled wave structure has essentially dissipated by the end of the calculation domain. The inviscid total pressure recovery is lower than for the design point inlets, but the additional losses are still quite small.
d TRUNCATED INLETS
Whereas the Busemann inlet has very high inviscid pressure recovery, even at off-design operation, it is longer than the traditional outward turning inlet having the same capture area. Therefore in the next exercise, the effects of truncating the inlet compression surface were examined. Figure 6 shows the flowfields for two truncated cases of the M, =7, CR=6 inlet. The compression surface was simply truncated at the point where the surface curvature was 3" and 5". Simple extensions of the inlet using inclined surfaces were attempted to control the alignment of the compression waves. The results of these modifications showed unacceptable losses, so this design approach was abandoned. Total pressure recoveries as a function of e dimensionless length are shown in Figure 7 . The design point had a compression length = 22.269 r, and a total pressure recovery of 0.997 at x,=20 r,. The respective values at 3"and 5" were (x1 + x2) = 14.469 r,, and (x1 + x2) = 10.115 r,, with PU/p,, = 0.91 and 0.80.
These inlets have different CR decreasing from 6 for no truncation to 5.153 at 3" and 3.842 at 5" truncation. Therefore, a more equitable comparison would be to examine truncated inlets with design point inlets at the same CR. The results presented in Figure 7 showed rapidly decreasing PU/Pu without a large change in length, when increasing the truncation from the 3" to the 5" point. Consequently, 3" was selected for the remainder of the study. Figure 8 shows Mach number profiles at M,=4-8 for a 3" truncated M,=7, CR=6 design inlet. At M,=7, the truncation results in a relatively strong corner reflected wave which somewhat surprisingly is nearly perfectly canceled at the comer. At below design M,, the apex of the left running "conical" compression wave emanating from the axis of symmetry moves forward and intersects the compression surface ahead of the corner. Multiple compressions and expansions follow but dissipate within about 20 duct radii. Above M,=7, the conical shock intersects the wall downstream of the corner with similar dissipation in the cylindrical duct.
Total pressure recoveries for the 3" truncated M,=7, CR=6 inlet are shown in Figure 9 . At MI=7 truncating the inlet resulted in an insignificant decrease in pressure recovery from 0.91 to 0.90 at x&,=20. Pressure recoveries are higher for lower M, and lower for M,=8, but are quite nonlinear with respect to M,. Note that at the end of the compression surface, the recoveries are much higher. Note also that in many engine designs, most of the duct downstream of the comer would be part of the inlet-combustor isolator.
VISCOUS EFFECTS
At this point in the study, emphasis shifted to examining viscous losses in this class of inlets. Two design strategies were investigated. The first was to retain the inviscid contour and the second was an iterative technique adjusting the contour by the computed boundary layer thickness, 6*. The iterative technique would be totally impractical to apply in the design of streamline traced inlets because 6* would vary both longitudinally and radially. Thus, this approach was abandoned. To obtain the desired CR with viscous effects, the procedure is to define the surface geometry of an inviscid flowfield having the same r, with a slightly higher CR to account for the reduction in mass flow.
The viscous calculations were obtained for a dynamic pressure, q,=2000 lb/f? assuming a constant T,=390°R and an adiabatic wall. Figure 10 shows the Mach contour flowfields for the M,=7, CR=6 inlet operating at M,=4-8. Nearly perfect wave cancellation from the comer shock was observed as shown by the appearance of only small zones of non-uniformity in regions where there is a weak wave-boundary layer interaction. At off design M, wave structures similar to those in the inviscid results are presented. The corresponding mass averaged total pressures are shown in Figure 11 . The results show that pressure recovery is only weakly dependent on M,. This is evidence that supports the argument that viscous losses are dominant and that viscous effects have no significant effect on modifying the shock structure in the full Busemann inlet. However, when the inlet is truncated at the point where the surface angle is 3", there are changes' in the wave structure due to viscous interaction. These are difficult to discern when comparing the Figure 10 results with those in Figure 12 for the truncated inlets. The effects are apparent in the total pressure distributions shown in Figure 13 . At the MI=7 design point, pressure recovery is about 3% lower with truncation at x&,=20. At MI=5 and 6, losses are slightly lower with truncation. The changes at MI=4 and 8 are more significant. At MI=4 the losses are lower with truncation, which suggests that the reduction in friction due to the smaller surface area is the relatively stronger effect. At MI=8 the losses are greater even with the reduction in surface area.
STREAMLINETRACING
The Busemann inlet, while extremely efficient, has poor self-starting characteristics. A convenient procedure that partially alleviates this problem is to trace streamlines through the full Busemann inlet. The traced streamlines are envisioned as solid surfaces,. allowing the generation of inlets.with swept walls. These swept surfaces provide a mechanism for flow spillage, which enlarges the self-starting envelope of the inlet. The streamline tracing technique has the added benefit of allowing the designer to alter the overall inlet shape to meet any required vehicle packaging constraints.
There are currently two families of streamtrace geometries that are available in the code. The first family is given by the general equation for what is, often termed a hyper-ellipse:
:
class of geometries, the'code assumes that the designer wishes to maximize the available area offered by the Busemarm inlet. This allows the designer to specify only 6 the exponent of the hyper-ellipse (n), the aspect ratio (b/a), and one offset distance (y,). The hyper-ellipse shape is then sized and positioned by finding the value of "a" that satisfies 'the following relations:
The second family of shapes that is currently available involves circular arc segments which are described by:
In the above expressions, cp represents the half angle of the desired circular arc. The circular arc segment is particularly useful when,desigtiing modular inlets, where the .segments are added together to recover all or most of the area offered by the original full Busemann inlet. Figures 14 and 15 show several examples of inlet shapes obtained from streamtracing the full Busemann inlet. Whereas the previous discussion has emphasized pressure recovery as a metric of merit for inlets, volumetric efficiency, nV is also an important vehicle attribute. The ratio of the length of the compression field 6
to the square root of the capture area, at the design Mach number, &j(4)% is a fundamental parameter directly related to the volumetric efficiency, uy, Smaller lJ(AJ leads to higher Q and in turn to a larger fuel capacity in length constrained applications. For streamline traced inlets, lJ(4)lh is also dependent on the shape and orientation of the projection of the capture tube within the circular cross section of the genera Busemann flowfield, A,. Thus, nV is also proportional to AcJ&. When the-vehicle is comprised of multiple inlets, J/(4)% for the general design is multiplied by the number of flowpaths, n.
The above equation yields an ellipse if n=2 (or a circle if akb), and a rectangle if n=m (or a square if a=b).
Exponents between 2 and yield ellipse-to-rectangle trans$ion shapes. y0 and z,, simply allow for shapes that are offset fkom the full Busemann axis of symmetry. Since the full Busemann inlet is an axisymmetric geometry, either y0 or z,, can be taken as zero without any loss of generality. Further to aid in the description of this For rectangular flowfields that are carved from one half the basic Busemann flowfield, with two corners located on the periphery, an aspect ratio of 2 yields the maximum A,/A, =1/x =0.3183. Placing Go of these inlets back-to-back increases AcJA, to 0.6366. Because one of the long sides of the rectangle coincides with an axis of symmetry of the Busemann flowfield, a wedge of the external surface can be removed to enhance starting. As the hyper-ellipse evolves from the rectangle to 'an optimum ellipse, the maximum value of A&& increased from 0.3183 to 0.3849. To obtain the maximum 4/Aa, the semiaxes a/r and b/r are set at 0.8165 and 0.4714, respectively, where r is the radius of the capture tube of 6 the Busemann flowfield. The elliptical inlets provide the a maximum relief for starting due to the extension of the cowl-cut-back to the apex of the terminal conical shock in the genus Busemann flowfield. The "rounding" of the comers reduces stress concentrations and reduces the detrimental effects of vertical structures in the comers. If maintaining two flat surfaces is desirable and only incur a very small reduction in Ac/Acs, the comers of rectangular cross sections can also be eliminated by replacing the ends of the rectangles with semicircles.
Evolving from the optimum ellipse with a/b=1.732 to a/h=l.O results in a circular cross section circumscribed by a semicircle of the Busematm flow as shown in Fig.15 . In the literature, this configuration has been referred to as the "sugar scoop" inlet. It has the desirable structural features of circular cross-sections. However, this inlet has a very low value of Acf& =0.25. Combining two ducts, tangent to one another on the periphery, raises A&& to 0.5. They can be rotated such that their respective ax&es of symmetry are aligned 180" apart, or at any angle down to somewhat below 90", without causing interference between their spillage flows. If three or more ducts are desired, the flowfields can either be overlapped, which would cause some distortion in the inlet flow, or they can be placed tangent to one another leaving a void in the center. The void could be used as a duct to supply air to an auxiliary a power generating turbine.
The circular arc sector shown in Figure 15 represents a class of inlets that when reassembled into a vehicle with a circular cross section result in a high 4/A&. These inlets are pie slice sectors of genera Busemann flowfields having included angles of 360% where n is an integer 2 3. The arc of the pie passes through the bisecting plane of symmetry of the Busemann flowfield. In the reconstruction of the flowfield, n pie slices are assembled to form a circular body having n ducts each having pie slice cross-sections. If needed, transition sections, which can also serve as isolators can be added downstream of the inlets to provide more symmetric cross-sections in the combustors. The highly efficient SCRAM engine employed this class of inlets.12
The assembly of multiple flowfields provides the designer with a multiplicity of creative options. For example, consider a rhomboidal cross section where two sides of the rhombus are radii of the genera Busemann flowfield subtended by an angle of 120", which produces Ac/AcB= 0.27566. Three of these flowfields can then be reassembled along their respective non-radial sides to form a hexagonal inlet with AcJAo=0.8270. Similarly a square circumscribed within the Busematm flowfield has sides with length s=0.89443r, which results in AC/Am= 0.25464. Four of these inlets can be assembled into a larger square by rotating their respective axes either 90", or in pairs that are back-to-back. The resulting large square has A&&=1.0186. A larger Ac/&=1.2733, can be obtained by adding aspect ratio 2 flowfields rotated 9p" :,to the ends of the back-to-back aspect ratio configuration previously described. The resulting rectangular flowfield has the lowest value of l&A,)" of the inlets that have been studied.
An alternative approach to increasing Ac/& ,while maintaining relief in the starting process for these inlets, is to include part of the flowfield in the previously unused semicircle of the genus Busemann flowfleld. The flowfield is extended to the above circle that represents the plane passing through the apex of the conical shock. Using the sugar scoop inlet as an example, if the radius of this circle is 41.4% of the radius of the Busemann flowfield, A,&&, doubles to 0.5 for a single inlet and therefore equals one for a tandem duct configuration.
The inlet geometries that result from streamline tracing are complex shapes with sharp comers and highly swept edges. Generating a high-quality structured (IJK -ordered) mesh in and around these inlets for computational analysis can be a challenging proposition. Overall, these geometries are much better suited for solvers that can handle unstructured meshes. However, since the ultimate goal of this exercise is to use CFD as a relatively rapid design tool, three-dimensional flowfields need to be integrated in a space marching fashion whenever possible. Defining a space-marching plane with a generic unstructured mesh is difficult (no unstructured code available to the authors has this capability), which forces the use of a structured topology.
Two different classes of mesh topology were examined in this effort. The first topology considered (referred to as the skewed mesh in Fig. 16 ) was the easiest to generate, but had several unfavorable properties. The cross stream planes of this topology are far from perpendicular to the freestream, and as a result, the percentage of the domains that can be solved with a space-marching procedure is limited. Moreover, since the grid is not well aligned with the flow, some accuracy is lost (excess numerical diffusion) as compared with the second grid topology considered. The second grid topology (referred to as the singular mesh in Fig. 16 ) circumvents the grid skewness by introducing collapsed cells at various locations in the domain. This grid topology is much more difficult to generate, however, the solution is easily space-marched, and numerical diffusion is reduced because of better grid alignment with the flow. Due to this observation (and numerical tests), the results that follow were obtained with the singular mesh topology.
The major part of the computational effort has been the development of the grid for computing the flowfields of the streamline traced inlets. The M, =7, CR=6 sugar scoop inlet was selected as the first case for the initial grid generation. This initial case was not truncated. Results from truncated cases and for other cross sections will be presented in a subsequent paper.
'. Inviscid calculations of the streamline 'traced sugar 1. scoop inlet were made for flight Mach numbers of 6-8 for the M,=7, CR=6 design. Pressure recovery and air capture ratios are shown for the inviscid calculations in Figures 17 and 18 . The pressure recovery at the design point = 0.984 versus 0.994 for the full Busemann is about 1% lower but still very high. At M,=6, the decrease is somewhat larger, i.e., 0.964 vs. 0.980 but at M,=8, the recovery is essentially the same, i.e., 0.930 vs. 0.924; Again note that the total pressure losses near the duct entry, which is in effect the isolators, are much less.' The air capture ratio calculations show about' a 1% loss in mass at M,=7 and 8, where there should be no loss at and above the design point. This is apparently due to numerical dissipation and will be examined further. Nonetheless, the results at M,=6 show remarkably small spill. Results at lower M, will have to be examined to. determine whether this class of inlets is characterized as having higher capture than outward turning and.planar geometries.. !: ,2.
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,. * CONCLUSIONS
Computational fluid dynamic tools have been applied to the analysis of streamline traced inlets carved from Busemann flowfields. The introduction of one family of inlets having hyper-elliptical cross-sections and the formulation of the previously studied circular sector inlets. provides 'the designer with the capability of examining and analyzing a broad range of concepts. Clever assembly of multiple streamline traced flow fields extends the capability to explore both single and multi-,duct configurations. The exemplary case of a sugar scoop inlet operating over the range 61 M,<8 was used to demonstrate the analytical method. The resulting total pressure and air capture characteristics of the inlets are outstanding, relative to outward turning and planar compression surfaces. From the analysis of truncated full Busemann inlets, it appears that applying the same techniques to the streamline traced flowfields to give the designer an additional parameter to optimize vehicle configurations will be beneficial. 
Ml
Mass capture characteristics at different flight Mach numbers; 'M, = 7, CR = 6, inlet design (streamtraced inlet, inviscid solution). aD
